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1. ABSTRACT: 
The solder fatigue specimen designed by NASA-GSFC/UNISYS is analyzed in order 
to obtain the inelastic strain history during two different representative temperature cycles 
('I' 
specified by UNISYS. In previous reports (dated July 25, 1990 & November 15, 1990), 
/ 
results were presented of the elastic-plastic and creep analysis for .t. T=31° C cycle 
,respectively. The present report summarizes subsequent results obtained during the 
current phase, from visco-plastic finite element analysis of the solder fatigue specimen 
for .t.T=113~ C cycle. Some common information is repeated here for self-completeness. 
Large-deformation continuum formulations in conjunction with a standard linear solid 
model is utilized for modeling the solder constitutive creep-plasticity behavior. Relevant 
material properties are obtained from the literature. Strain amplitudes,mean strains, and 
residual strains (as well as stresses) accumulated due to a representative complete 
temperature cycle are obtained as a result of this analysis. The partitioning between elastic 
strains, time-independent inelastic (plastic) strains, and time-dependent inelastic (creep) 
strains is also explicitly obtained for two representative cycles. Detailed plots are 
presented in_this report for two representative temperature cycles.This information forms 
an important input for fatigue damage models, when predicting the fatigue life of solder 
joints under thermal cycling. 
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2. INTRODUCTION: 
Solder fatigue in electronic package is a major cause for poor reliability and 
premature failures under thermo-mechanical loading. The fatigue damage results from 
cyclic mechanical strains induced by a combination of (i) TCE mismatch between the 
dissimilar components connected together by the solder, and (ii) vibrational loads. Since 
solder is a highly visco-plastic material over typical operating temperature ranges, slow 
thermal cycling produces primarily anelastic (creep) strains and relatively negligible 
amounts of elastic and plastic strains. On the other hand, vibrational loads are of a much 
higher frequency and cause primarily elastic and plastic strains and relatively little 
anelastic strains. The partitioning between the different types of strains (elastic, plastic 
and anelastic) is dependent on the mean operational temperature, the stress levels and the 
respective dwell times to which the joint is exposed. 
In order to obtain simplified closed-form models, it is common practice to ignore the 
strain range partitioning between the elastic, plastic and creep strains, and to use the total 
strain amplitude instead as a loading parameter, when computing fatigue life from the 
Coffin-Manson model [1]. However, Solomon has illustrated in a comprehensive set of 
experiments that it is not possible to extrapolate the same damage constants to low 
operating temperatures [2]. One solution is to apply Halford & Manson's strain range 
partitioning technique [3]. Similar approaches have been used successfully by Knecht, Fox 
and Shine [4,5] in the past for modeling creep-fatigue interations in solder material. It is 
necessary, therefore, to account for the partitioning between the elastic, plastic and 
3 
anelastic components of strains, if accurate life predictions are desired. 
The purpose of this study is to conduct a detailed analysis of the inelastic strain 
history of a sample solder joint under different thermal cycles. Particular attention is paid 
to the strain-range partitioning. The geometry chosen for the analysis is the experimental 
specimen designed by UNISYS/NASA-GSFC for the solder fatigue program. A numerical 
finite element analysis is utilized, in view of the complex geometry. 
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3. ANALYSIS: 
The analysis is conducted using the MARC general-purpose commerical FEM code 
developed and marketed by Dr. Marcal and his associates. This program is an excellent 
research tool and not only has more versatile nonlinear capabilities than ANSYS, but also 
licences the analysis of larger models within the educational environment. Pre- and Post-
Processing is done on PA TRAN in view of its excellent interative graphics and user-
friendly software environment. 
The specimen consists of brass pins soldered into copper plated through holes (PTH) 
on a FR4 PWB. The brass pins have a circular shoulder/flange and are immersed in a 
thermosetting epoxy. As the board is temperature-cycled, the differential expansion 
between the epoxy and the brass pin causes an axial tensile load on the brass pin, thereby 
loading the solder in shear. Shear stresses are also generated due to the CTE mismatch 
between the brass pin and the PTH in the axial direction. Superposed on this shear load 
are extensional hoop and radial stresses (& strains) in the solder, due to differential 
expensions of the brass, solder, copper and FR4 in the radial direction. 
Figure 1 shows the axisymmetric finite element mesh generated to model the 
specimen assembly. The brass pin is color coded blue, solder is shown in yellow, copper 
in red, FR4 in green and epoxy in pink. The total mesh consists of 476 elements and 530 
nodes. Figure 2 shows an enlarged view of the finite element discretization of the solder 
material, consisting of 80 elements and 102 nodes. All subsequent strain plots are shown 
for this region of interest only. 
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The woven-fabric FR4 board is treated approximately as transversely isotropic, with 
the plane of the board being the plane of isotropy. All other materials are treated as 
isotropic. The board and the epoxy are treated as linear elastic within the temperature 
range of this analysis since the maximum temperature is always maintained below the 
glass-transition temperature Tg of the resin in the FR4 board. 
All materials except the FR4 PWB board material and the epoxy are treated as power-
law hardening elastic-plastic materials with a Ramberg-Osgood type constitutive model 
given in equation (1). 
(1) 
where E is the elastic modulus, () is the stress, K is the Ramberg-Osgood constant and 
n is the strain-hardening exponent. 
Creep behavior of the solder is modeled with a Weertman steady state creep law. 
Thus, the strain rate is assumed to have a power-law dependence on the stress magnitude 
and an exponential dependence on the inverse of the absolute temperature as shown in 
equation (2). 
(2) 
where C1, C2, C4 are material properties, () is the stress, T is the absolute temperature and 
t is the elapsed time. 
Linear material properties are listed in Table 1 and nonlinear material properties 
are given in Table 2. Copper, brass and epoxy properties are obtained from ASM 
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Handbooks. FR4 properties have been generated by this research group during a related 
study [6]. Elastic-plastic solder properties are obtained from Westinghouse test reports [7] 
and creep properties for the solder are obtained from a study conducted by Tribula & 
Morris [8] for 60Pb-40Sn solder. 
The entire assembly is subjected to two different temperature cycles, specified by 
UNISYS/NASA-GSFC, as shown in Figure 3. Both cycles have a mean temperature of 
40° C. The temperature ranges are 31° C and 113° C, respectively. Loading and unloading 
rates are 6° C per minute, and 20 minute dwells are provided at both extremes of the 
cycle. In order to facilitate creep computations, the temperature loading and unloading 
phases are idealized as step functions followed by dwells equal to the time taken for the 
loading/unloading. It is noted that this simplification yields a conservative over-estimate 
of the resulting strains. Incremental load stepping techniques are used since the strains are 
well beyond the elastic limit of the solder. The 20 minute dwells are modeled with 
appropriate time stepping techniques. Finite deformation formulations are used throughout 
the study in order to model the large deformations, strains and rotations. Two complete 
loading and unloading cycles are modeled for each of the two representative temperature 
cycles shown in Figure 3. The purpose of modeling two strain cycles is to observe the 
effects of rachetting and shakedown as the hysteresis cycles approach a stable steady-state 
configuration. Appropriate nodal constraints are applied to constrain rigid body motions 
and to simulate far-field mechanical constraints. No other mechanical loads are applied. 
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4. RESULTS & DISCUSSIONS : 
4.1 LOAD CYCLE 1 : 
The first load cycle considered is the cycle with the smaller temperature range of 31 0 
C. Figure 4 shows a plot of the elastic deformations of the entire structure. Figures Sa 
thro~gh Sd show plots of the deformed geometry of the solder at four different milestones 
during the first cycle. Figure Sa shows a plot at the highest temperature (SS.So C) during 
the loading cycle, superposed on the undeformed plot. Figure Sb through Sd show similar 
plots of the deformed solder geometry at the end of the 20 minute dwell at Tmax, after 
unloading to Tmin (24.So C), and after the 20 minute dwell at Tmin, respectively. 
Contour plots of the maximum shear strains at the four milestones indicated above, 
are shown in figures 6a through 6d. These figures clearly illustrate the strain concentration 
around the fillet at the interface between the brass pin, solder and the epoxy (node 260 
in the finite element model, as illustrated in figure 2). The maximum strain concentration 
remains at this site throughout most of the cycle duration. The residual strain field after 
unloading, shown in figure 6c, still shows this strain concentration, indicating that this site 
undergoes the maximum strain cycling and hence accumulates the maximum fatigue 
damage. Finally, during the dwell at Tmin, the strain concentration site shifts marginally 
away from the interface. More importantly, another strain concentration site develops at 
the opposite corner around node 30, indicating that the strain history at this node may also 
be of interest from a fatigue damage perspective. Clearly, the node that suffers maximum 
strain cycling and rachetting is node number 260 (see figure 2). Figure 7 shows that 
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similar conclusions may also be . inferred for the maximum principal strain. This 
conclusion has been verified to be true for all other strain and stress components. For 
reasons of brevity, those contour plots are not included in this report. Figure 7 also 
illustrates that the maximum principal strain is almost half as large as the maximum shear 
strain, indicating the significant multiaxiality of the strain (and stress) fields. 
Figure 8 shows the maximum shear strain history at the most severe locations (nodes 
260 & 30) for the first two cycles at this load amplitude. The figure illustrates several 
very important features of the deformations. Node 260 undergoes both rachetting and 
shakedown after the first temperature cycle. Consequently, the strain amplitude is much 
smaller during the second cycle. The maximum shear strain is about 37,000 microstrain 
for the first cycle and increases to about 40,000 microstrain during the second cycle due 
to rachetting effects. The shakedown effect reduces the strain amplitude from about 
18,000 microstrain during the first cycle to less than 10,000 microstrain by the second 
cycle. Node 30 experiences an even greater amount of rachetting and shakedown. 
Consequently, the strain amplitude during the second cycle is almost zero, though the 
maximum strain is almost 28,000 microstrain. The shear strain at nodes 260 and 30 are 
of comparable magnitudes but of opposite signs. However, the figure clearly illustrates 
that the cyclic strain amplitude (and hence fatigue damage) is much larger at node 260 
than at node 30. 
Figures 9a through 9c present the graphs which constitute part of the main deliverables 
in this study, viz. partitioned elastic, plastic and anelastic (creep) strai~ histories for one 
of the given load cycles. The equivalent strain (also called the Von Mises' strain or 
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of the given load cycles. The equivalent strain (also called the Von Mises' strain or 
distortional energy strain or the octahedral shear strain) is chosen for these plots because 
of the multiaxiality of the strain field. Figures 9a and 9b clearly show that the cyclic 
elastic and plastic strain amplitudes are much larger at node 260 than at node 30. The 
elastic strain is almost completely reversed at node 260 while the plastic strain component 
has a significant mean value (approximately 2,100 microstrain during the first cycle and 
1,800 microstrain during the second). The maximum plastic strain of 3,200 micros train 
is almost twice the maximum elastic strain while the amplitude of plastic strain is almost 
the same as the elastic strain amplitude (approximately 1,600 microstrain). Figure 9c 
shows that the creep strain amplitudes and mean values are significantly higher than the 
elastic and plastic strain values. The maximum creep strain at nodes 260 and 30 are 
comparable in magnitude but the amplitude at node 30 is almost negligible while the 
amplitude at node 260 is approximately 5,000 microstrain. Creep rachetting and 
shakedown effects are both evident at node 260. The residual strains at the end of second 
cycle clearly have a combination of elastic, plastic and creep components. 
4.2 LOAD CYCLE 2 : 
The temperature range of 1l3° C for this load history is much larger than the first load 
cycle of 310 C temperature range. The results are qualitatively similar to the results in 
section 4.1. However, the strain amplitudes are much higher and the maximum strain 
concentration in this loading cycle shifts to the opposite corner creating a possible site of 
creep rupture due to excessive rachetting. 
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at four different milestones during this large temperature cycle. Figure lla shows a plot 
at the highest temperature (96.5° C) during the loading cycle, superposed on the 
undeformed plot. Figures lIb through lld show similar plots of the deformed solder 
geometry at the end of the 20 minute dwell at Tmax, after unloading to Tmin (-16.5° C) and 
after the 20 minute dwell at Tmin, respectively. 
Contour plots of the maximum shear strains at the four milestones indicated above, 
are shown in figures 12a through 12d. In this loading cycle, unlike in the t.T=31 o C 
cycle, the strain concentration changes its site from node 260 to node 30 which is located 
at the interface between the solder and at the free end of copper PTH. The maximum 
strain concentration remains at node 30 through most of the cycle duration. The residual 
strain field after unloading shown in Figure 12c also illustrates this strain concentration, 
indicating that this site (node 30) experiences the maximum strain amplitude and 
accumulates the maximum creep strain. Finally, during the dwell at Tmin, the position of 
strain concentration still remains the same indicating that the failure will begin due to 
creep rupture at node 30. Figure 13 shows that similar conclusions can be drawn about 
the maximum principal strain. Similar results have been verified to be true for all other 
strain and stress components. For brevity, those contour plots are not included in the 
report. Figure 13 also illustrates that the maximum principal strain is almost half as large 
as the maximum shear strain, indicating again the significant multiaxiality of the strain 
(and stress) fields. 
Figure 14 shows the maximum shear strain history at the representative locations 
(nodes 260 and 30) for the first two cycles at this load amplitude. Nodes 260 and 30 both 
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(nodes 260 and 30) for the first two cycles at this load amplitude. Nodes 260 and 30 both 
undergo rachetting after the first temperature cycle leading to an accumulation of inelastic 
strains. Further, the strain amplitude is smaller during the second cycle due to shakedown 
effects. The maximum shear strain occuring at node 30 is about 195,000 microstrain for 
the fust cycle and increases to about 280,000 microstrain during the second cycle due to 
rachetting effects and this amount is far larger than that at node 260 which the maximum 
value is just about 110,000 microstrain for the first cycle and about 150,000 micros train 
for the second cycle due to the rachetting effect. The shakedown effect reduces the strain 
amplitude of node 260 from about 58,000 microstrain during the first cycle to less than 
25,000 micros train by the second cycle. However, node 30 experiences an even greater 
amount of rachetting and shakedown. Therefore, the strain amplitude during the second 
cycle is nearly zero though the maximum strain is almost 280,000 microstrain. This 
figure clearly illustrates that the cyclic strain amplitude and mean strains are much larger 
at node 30 than at node 260. Consequently, failure will occur at node 30 due to creep 
rupture rather than due to fatigue damage at node 260. 
Figures 15a through 15c present the graphs which constitute part of the main 
deliverables in this study, VIZ. partitioned elastic, plastic and anelastic (creep) strain 
histories for ~T=113° C cycle. The elastic strain is almost completely reversed at node 
260 while this condition does not occur at node 30 that suffers the effect of rachetting. 
The plastic strain component at node 260 has a mean value of about 2,500 microstrain 
during the first cycle and about -8,500 microstrain during the second cycle. The maximum 
plastic strain of 14,000 microstrain is almost five times larger than the maximum elastic 
12 
strain at node 30 while the amplitude of plastic strain (about 11,000 microstrain) is also 
almost five times larger than the elastic strain amplitude (about 2,200 micros train) at node 
260. Figure 15c shows that the creep strain amplitudes and mean values are significantly 
higher than the elastic and plastic strain values. The maximum creep strain at node 260 
and node 30 are of comparable magnitude but the amplitude at node 30 is almost 
negligible while the amplitude at node 260 is approximately 5,000 microstrain. Creep 
rachetting and shakedown are both evident at nodes 260 and 30. The residual strain at the 
end of the second cycle clearly has a combination of elastic, plastic and creep 
components. 
Figures 15a & 9a also show that the stresses (which are related to the elastic strains) 
are not constant during the creep phase. This is better illustrated in figures 16a, 16b and 
figures lOa, lOb which show the hysteresis loops during the first two load cycles. Figure 
16a clearly illustrates that the rachetting is significant during the first cycle but is almost 
halted during the second cycle at node 260. By the end of the second cycle, the hysteresis 
loop reaches an almost stable and steady state configuration. The strain amplitude is much 
smaller during the second cycle than the first cycle due to the shakedown effects. Figure 
16b shows that rachetting is monotonically continuous though at a decreasing rate. Hence 
the failure mode for this configuration is likely to be by creep rupture due to excessive 
accumulation of creep strains at node 30. 
Figures 16a, 16b and figures lOa, lOb further illustrate the fact that the creep 
deformations are accompanied by stress relaxation. This raises serious doubts about the 
validity of using a conventional Halford-Manson type strain-range partitioning techniques 
13 
for fatigue damage evaluation, since the fatigue constants for the conventional creep-: 
fatigue models are usually obtained under constant stress conditions in laboratory 
specimens. An alternative fatigue law is therefore required to deal with the present 
situations. For instance, though the creep strain amplitude is larger at node 30 than at 
node 260, the inelastic energy dissipation is larger at node 260 than at node 30. Thus 
energy-based and strain-based failure laws will produce conflicting predictions of fatigue 
damage accumulation for this load cycle. Clearly, further work is warranted to clarify 
these issues conclusively. 
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5~-C0NCLUSION : 
A detailed elastic-plastic-anelastic strain analysis has been conducted for the solder in 
the specimen. Histories of the elastic-plastic and anelastic components of strain have been 
obtained in partitioned form. It is evident from this study that when the temperature range 
is small the failure of solder will result from the fatigue damage at the fillet at the 
interface with the epoxy and the brass pin, since the strain amplitude range are highest 
at this site. With the increase of temperature range as seen from 310 C to 1130 C, not only 
do all strain components increase, but also the maximum strain concentration will shift 
to the opposite diagonal corner located at the interface of solder and copper PTH and 
result in failure due to creep rupture, rather than due to fatigue. 
This study also reveals that the state of strain is multiaxial rather than one of pure 
shear. It is necessary therefore to utilize a multidimensional fatigue damage law rather 
than a simple shear fatigue damage law. 
The partitioning between the elastic, plastic and creep strains have been clearly 
illustrated. Such information is required for successful implementation the creep-fatigue 
damage interactions. However, it is pointed out that a conventional partitioning method 
of the Halford-Manson type is not possible here since the stresses are continually relaxing 
during the creep deformation and are not held constant as is required for the Halford-
Manson model to be valid. It is clearly necessary therefore to develop a more 
sophisticated and more generalized creep-fatigue damage interaction model, in order to 
handle the present situation. 
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6. RECOMMENDATIONS FOR FUTURE WORK: 
This study clearly illustrates that in order to obtain a successful interpretation of 
NASA's fatigue program, a more generalized fatigue damage model needs to be 
developed. This model should have the following attributes: 
(i) The model should be capable of accounting for multi axial strain states. Thus the 
fatigue life should be formulated in terms of a valid strain measure which characterizes 
not only the magnitude of the strain but also the multiaxiality. 
(ii) The model should be capable of modeling creep-fatigue interactions in a multiaxial 
strain state, for generalized creep deformations when the strain and stress are both 
simulaneously changing. Traditional strain-partitioning techniques resort to empirical data 
collected under constant-stress creep-fatigue tests. Such methods are inappropriate in the 
present situation and a new model, based on energy partitioning concepts, is required for 
successful completion of NASA's fatigue program. 
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TABLE 1 
MATERIAL PROPERTIES 
LINEAR ELASTICITY 
MATERIAL ELASTIC SHEAR POISSON THERMAL EXP. 
MODULUS MODULUS RATIO COEFFICIENT 
(E:psi) (G:psi) (u) ( a:in/infC) 
COPPER 15.6x106 5.80x106 0.355 16.5xlO·6 
BRASS 15.0x106 5.64x106 0.33 20.8xlO·6 
EPOXY 5.0xl<Ji 1.83xl<Ji 0.37 70.0xlO·6 
SOLDER 3.62x106 1.29x106 0.4 21.0xlO·6 
FR4 IN-PLANE 
2.084x106 8.99xl<Ji 0.159 20.62xlO·6 
OUT-OF-PLANE 
1.0x106 3.03xl<Ji 0.24 68.31xlO·6 
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TABLE 2 
MATERIAL PROPERTIES 
NONLINEAR: PLASTICITY & ANELASTICITY 
MATERIAL YIELD STRENGTH STRAIN-HARDENING CREEP 
STRENGTH COEFFICIENT EXPONENT CONSTANTS 
(O"y:psi) (K:psi) (n) (C) 
COPPER 10,000 46,400 0.54 
BRASS 21,000 130,000 0.49 
SOLDER 4,960 7,025 0.056 C1=6.82xlO-15 
C2=6.28 
C4=8165.2 
t Ramberg Osgood plasticity equation: Cpl = (a/KYIn 
t Weertman Creep equation: Cor = C1aC2 e -C4rr t 
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Figure 4: Deformed mesh at temperature change of 31° C. 
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Figure 5b: Solder deformation after 20 min. dwell at T = 55. 5°C 
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Figure 5c: Solder deformation after unloading to T = 24.5°C. 
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Figure 5d: Solder deformation after 20 min. dwell at T ='24.5°C. 
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Figure 6a: Maximum shear strain in solder after loading to 
T = 55. 5°C 
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Figure 6b: Maximum shear strain in solder after 20 min. dwell at 
T = 55. 5°C. 
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Figure 60: Maximum shear strain in solder after unloading to 
T = 24. SoC. 
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Figure 6d: Maximum shear strain in solder after 20 min. dwell at 
T = 24.50C~ 
.0213= A 
.0198= B 
.0184". C 
.0169= 0 
.0155". E 
.0140", F 
.0125= G 
.0111= H 
.00963= I 
.00817", J 
.00672=- K 
.00526= L 
.00380= M 
.00234= N 
.000888= 0 
L 
Figure 7: Maximum principal strain in solder after 20 min. dwell 
at T = 24.SoC. 
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Figure 8: Maximum shear strain history at nodes 260 and 30 for two 
cycles at cyclic·temperature change of 31° C: 
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Figure 9a: Elastic equivalent strain history at nodes 260 and 30 
for two cycles at a cyclic temperature change of 31° C. 
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Figure 9b: Plastic equivalent strain history at nodes 260 and 30 
for two cycles at a cyclic temperature change of 31°C. 
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Figure 9c: Creep equivalent strain history at nodes 260 and 30 for 
two cycles at a cyclic temperature change of 31°C. 
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Figure lOa: Hysteresis loop at node 260 for two cycles at a cyclic temperature change 
of 31° C. 
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Figure lOb : Hysteresis loop at node 30 for two cycles at a cyclic temperature c1wngc 
of 31° C. 
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Figure 11 b: Solder deformation ~fter 20 min. dwell at T ::96.5° C 
815P18[(I(I' IF SILOER Al l:-IS.S DECREE [ (UNLIAOIICJ 
rT-·~~~'-~~~~~~9Wnp~~~~~~~~~ 
II 
I~-w-~~~~~~~~~~~~~~ 
" Ir-U-~-4~F--~~~~~~~=*~~~ 
" 1~~w-~~~~~~~~~-H~~+-~~44 II 
/Jt~~~~~~~~~~~-H~~~~~~~~~ 
L~"~~~~~~~ __ ~-L __ L--L ___ L--L~~~~L-~ 
L 
I. X 
PROJECT CREEP 
PATlAN POSI-PROCESS FILE CREATED IV MARPATJ.8 24-OCT-98 14119:8 
TIN(. ..11 •••• E ... fREQUENCY. • •••••• 8E.88 GENERALIZEO MASS. '.888 
Figure 11 c: Solder deformation after unloading to T =-16.50 C 
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Figure 11 d: Solder deformation after 20 min. dwell at T =-16.50 C 
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Figure 12a: Maximum shear strain In solder after loading to T ::96.5° C 
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Figure 12b: Maximum shear strain In solder after 20 min. dwell at T :::96.5° C 
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Figure 12c: Maximum shear strain in solder after unloading to T=-16.50· C 
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Figure 12d: Maximum shear strain In solder after 20 min. dwell at T =-16.50 C 
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.0868. B 
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Figure 13: Maximum principal strain In solder after 20 min. dwell at T =-16.5° C .00347- 0 
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Figure 14 : Maximum shear strain history at node 260 and 30 
for two cycles at cyclic temperature change of 113°C 
-W 
::t.. 
0 
0 
0 
.-
x 
-
c 
'ro 
'-
-en 
0 
'+= en 
cu 
w 
STRAIN HISTORY 
(Temperature Cycle: 113 Degree C) 
3 ~----~~-------------------------.----------------------------, 
2 
f 
0 
-I 
-2 
o 20 40 60 80 100 120 
Transient Time (Mins) 
o N 30 + N 260 
Figure 15a: Elastic equivalent strain history at node 260 and 30 
for two cycles at cyclic temperature change of 113°C 
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Figure 15b: Plastic equivalent strain history at node 260 and 30 
for two cycles at cyclic temperature change of 113°C 
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Figure 15c: Creep equivalent strain history at node 260 and 30 
for two cycles at cyclic temperature change of 113°C· 
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. Ftgure 16a: Hysteresis loop at node 260 for two cycles at a 
cyclic temperature of 1130 C 
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Figure 1Gb: Hysteresis loop at node 30 for two cycles at a 
cyclic temperature of 1130 C 
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